The HLA-G (human leukocyte antigen-G) molecule plays a pivotal role in immune tolerance by inhibiting different cell subsets involved in both innate and adaptive immunity. Besides its primary function in maintaining the maternal-fetal tolerance, HLA-G has been involved in a wide range of pathological conditions where it can be either favorable or detrimental to the patient, depending on the nature of the pathology. Although several studies have demonstrated the utmost importance of the 3 0 untranslated region (3 0 UTR) in the HLA-G expression profile, limited data exist on the sequence variability of this gene region in human populations. In this study, we characterized the genetic diversity and haplotype structure of the HLA-G 3 0 UTR by resequencing 444 individuals from three sub-Saharan African populations and retrieving data from the 1000 Genomes project and the literature. A total of 1936 individuals representing 21 worldwide populations were combined and jointly analyzed. Our data revealed a high level of nucleotide diversity, an excess of intermediate frequency variants and an extremely low population differentiation, strongly supporting a history of balancing selection at this locus. The 14-bp insertion/deletion polymorphism was further pointed out as the likely target of selection, emphasizing its potential role in the post-transcriptional regulation of HLA-G expression.
INTRODUCTION
HLA-G (human leukocyte antigen-G) is one of the most interesting nonclassical major histocompatibility complex class I antigens. It plays a pivotal role in immune tolerance by inhibiting different cell subsets involved in both innate and adaptive immunity. Because of its preferential expression on trophoblast cells at the fetomaternal interface during pregnancy, this HLA molecule has primarily been associated with maternal-fetal tolerance, enabling fetuses to survive unharmed in a genetically foreign host during successful pregnancies and thereby playing a crucial role in the outcome of pregnancy. 1, 2 Further observations indicated that HLA-G expression in normal tissues was broader than originally described, including different tissues of the male reproductive system, 3 although mainly restricted to immune privileged sites such as thymus, cornea or proximal nail matrix. [4] [5] [6] More interestingly, it can be induced in numerous pathological conditions and is beneficial (autoimmune and inflammatory diseases, transplantation) or harmful (infectious diseases, cancer) to the patient. 7, 8 The tolerogenic properties of HLA-G have gained considerable interest in the past decade and the potential use of HLA-G protein expression as a diagnostic, prognostic and possibly therapeutic tool is the focus of extensive research. [9] [10] [11] [12] Because of its distinct function, the HLA-G gene presents a very different pattern of nucleotide variation compared with neighboring classical HLA class I genes, suggesting it may have evolved under a different selective regime. In contrast to the highly polymorphic classical class I loci that are among the best-known examples of diversifying selection in the human genome, HLA-G displays very limited sequence polymorphism in the coding region, in particular at the protein level, suggesting a strong selective pressure for invariance (that is, purifying selection). 8, 13 In contrast, a higher degree of variation is observed at the 5 0 upstream regulatory (or promoter) region and 3 0 untranslated region (3 0 UTR) that may influence the magnitude of HLA-G expression at both transcriptional and post-transcriptional levels. [13] [14] [15] [16] [17] [18] Many association studies have thus focused on these regulatory regions, particularly on the 3 0 UTR polymorphic sites that seem to play a pivotal role in the regulation of HLA-G expression by influencing the binding of specific microRNAs or the stability of the HLA-G mRNA. [19] [20] [21] Some HLA-G 3 0 UTR polymorphisms have been shown to influence HLA-G production and a clear link between 3 0 UTR sequence variation and the level of inhibition of natural killer cell cytotoxicity was recently demonstrated. 22 This gene segment has been studied in a wide range of pathological conditions, including transplantation, tumors, pregnancy disorders, autoimmune diseases and viral infections. 7, 8 More recently, the possible role of HLA-G 3 0 UTR polymorphisms on the outcome of parasitic infections has been suggested. [23] [24] [25] Nonetheless, many of the association studies published so far have led to controversial results among human 1 populations that may be because of a lack of knowledge of the genetic structure of this gene region and its geographic variation. Spurious associations can indeed arise from an unknown population structure and significant differences in allele frequencies and haplotype composition between populations may explain some of the conflicting association reports. 26 Consequently, characterizing patterns of genetic diversity in worldwide populations is an imperative prerequisite in the context of association studies aiming to better understand the role of the HLA-G 3 0 UTR in the susceptibility to complex diseases. Most association studies merely genotype a limited set of presumably functional variants, whereas only a few population genetic surveys have investigated the full sequence variation of the HLA-G 3 0 UTR in unrelated healthy individuals. [16] [17] [18] In particular, African populations have been understudied despite the fact that the African continent represents one of the most ethnically and genetically diverse regions of the world, with extensive genetic variation even among geographically close populations. 27 In the present study, we aimed to characterize the sequence variation and haplotype structure of the HLA-G 3 0 UTR in several worldwide populations in order to better understand the global patterns of variation at this locus and provide further insights into the mechanisms that may underlie the control of HLA-G expression. In an attempt to detect novel variants not yet described and to further characterize African diversity at this locus, we sequenced this region in 444 individuals from three subSaharan African populations (Serer from Senegal, Yansi from the Democratic Republic of Congo and Tori from Benin). These data were then pooled with those available from the 1000 Genomes project and the literature, leading to a total of 21 worldwide population samples included in our population genetic analyses. Beyond simple description, this study also aimed to investigate the evolutionary history of this HLA-G regulatory region by unraveling the relative influences of natural selection and human demography in determining its present-day variability.
RESULTS

HLA-G 3
0 UTR nucleotide sequence variation and linkage disequilibrium patterns The 3 0 UTR region of HLA-G was screened for sequence variation in 444 individuals from three population samples from sub-Saharan Africa, including 239 Serer from Senegal, 175 Yansi from Congo and 30 Tori from Benin. A total of 14 variation sites (including the 14-bp insertion/deletion (indel) and 13 single-nucleotide variants (SNVs)) were identified, 4 of which were reported for the first time (Table 1) . Three of these new variants were exclusively found in Yansi ( þ 3032G/C, þ 3107C/G and þ 3121T/C), whereas the fourth one was detected in both Yansi and Serer ( þ 3052C/T), all occurring at a frequency below 0.02. The 10 remaining variants (14- 
have all been described in previous studies. The observed genotype frequencies at all variation sites were in conformity with the assumptions of Hardy-Weinberg equilibrium when tested using Fisher's exact tests.
We combined these new sequence data with those generated by the 1000 Genomes (1KG) project 28 and those previously published in the literature [16] [17] [18] to evaluate the sequence variation of this gene region at a worldwide scale. Altogether, 1936 individuals representing 21 populations from Europe, East Asia, sub-Saharan Africa and the Americas were examined (Table 1) . A total of 16 variants were observed at the 3 0 UTR of HLA-G, 9 of which reached polymorphic frequencies (40.01 at a global level). Five of them were particularly frequent in human populations (14-bp indel, þ 3010C/G, þ 3142G/C, þ 3187A/G and þ 3196C/G), occurring at a global frequency of 40.25. Ancestral alleles were generally more frequent than derived alleles, with the notable exception of the 14-bp indel and þ 3035C/T variants. The number of variation sites per sample was an average of 9, varying from 7 in Tori to 13 in Yansi (Table 2) . Interestingly, two of the four new variants identified in the Yansi and Serer samples were also detected in samples from 1KG ( þ 3032G/C in Luhya from Kenya, African Americans and British and þ 3121T/C in Toscani, British, Han Chinese from Beijing and Puerto Ricans), at low frequencies (p0.02; Table 1) . Two other SNVs, not yet reported in previous studies, were specifically found in populations from 1KG: þ 3092G/T occurred in heterozygous state in two Luhya individuals and þ 3227G/A was found in 11 different samples, with a frequency of the þ 3227A allele ranging from 0.011 in Finnish to 0.073 in Puerto Ricans.
The global patterns of linkage disequilibrium (LD) across the 3 0 UTR region of HLA-G were then examined in each individual population sample, including the three new samples from subSaharan Africa and the 14 samples from 1KG, by computing the r 2 measure of LD between pairs of variants ( Table 2 and Supplementary Figure 1) . Figure 1 depicts the pairwise LD matrix in the four main geographical regions after grouping samples according to their main continent of origin. Globally, low amounts of LD were observed across the whole region, with only one, two, four and five pairs of variants showing high allelic association (r 2 40.60) in America, Africa, Asia and Europe, respectively. Only two variants, þ 3010C/G and þ 3142G/C, were consistently found in very strong LD in all worldwide populations (r 2
X0.91).
Populations within continental groups displayed roughly similar levels of LD, with no significant differences in the mean pairwise r 2 values between populations on the same continent (KruskalWallis test, all P-values 40.17). In contrast, strong variation in the level of LD was observed between geographical groups (KruskalWallis test, P ¼ 0.029). In particular, Asians (mean pairwise r 2 ¼ 0.33) showed higher LD levels than Americans (0.21) and Africans (0.23) (Mann-Whitney test, P¼ 0.034 and P ¼ 0.045, respectively). This translates into a greater efficiency of the tagging procedure in Asians where only four tag markers are needed to capture the common genetic variation across the 3 0 UTR (Table 2) .
Worldwide diversity and genealogy of HLA-G 3 0 UTR haplotypes HLA-G 3 0 UTR haplotypes were reconstructed from the unphased genotype data at the 16 ascertained variation sites in each of the 21 individual population samples included in the haplotype analysis (Table 3 and Supplementary Table 1) . A total of 44 haplotypes were inferred, of which 20 have been previously described in the literature. 13, [16] [17] [18] Out of the 44 haplotypes, 20 (45%) were found in more than one population and 17 (39%) were found in more than one continental region. Only 8 occurred at a frequency above 1% at the global level. The number of distinct haplotypes greatly varied across individual samples, ranging from 5 in Han Chinese from South China to 23 in Yansi, as well as across continental regions: whereas only 7 distinct haplotypes were identified in Asia, 17 and 18 haplotypes were found in Europe and America, respectively, and as many as 35 in Africa. A high withinpopulation haplotype diversity was consistently observed in all worldwide samples (mean value ¼ 0.78±0.04 s.d.), ranging from 0.66 in Japanese to 0.84 in Yansi. Asian samples displayed slightly lower values (0.71 ± 0.06 s.d.) compared with Africans (0.81 ± 0.02 s.d.) and Americans (0.82±0.01 s.d.). It is noteworthy that three major haplotypes (UTR-1, UTR-2 and UTR-3) account for B70% of total chromosomes, ranging from 61% in Yansi to 94% in Japanese (Figure 2 ). They are homogeneously distributed among all human populations. Although the most frequent haplotypes UTR-1 and UTR-2 occur at roughly similar frequencies at the global level (B25% each), they differ at five variation sites (14-bp indel, þ 3010C/G, þ 3142G/C, þ 3187A/G and þ 3196C/G) identified as the most polymorphic variants in the worldwide panel ( Figure 3 ). The string 'NA' is used if the variation is not found in dbSNP and has no RefSeq identifier (rsid). The ancestral allele state at each variation site was inferred from orthologous nonhuman primate sequences (from chimpanzee, gorilla, orangutan and rhesus macaque species) downloaded from the University of California, Santa Cruz (UCSC) genome browser (http://genome.ucsc.edu/). The allele shared by the four species was identified as the ancestral allele. In all cases but two (14-bp indel and þ 3035 C/T), the ancestral allele was also the most frequent in humans. Because of missing data, the frequency of these variants was computed on 127 individuals instead of 128. Allele frequencies are shown for the minor allele at each variation site. Previously published data sets are indicated by an asterisk (*). 
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UTR-3 occupies an intermediate position, differing from UTR-2 by two divergent mutations (14-bp indel and þ 3196C/G) and from UTR-1 by three nucleotide substitutions ( þ 3010C/G, þ 3142G/C and þ 3187A/G). The full network including the orthologous sequences from chimpanzee, gorilla and orangutan species points to UTR-5 as the most likely ancestral haplotype ( Figure 3 ), consistent with previous observations. 13, 29 This haplotype differs by 2, 4 and 11 mutational events from the sequences of the chimpanzee, gorilla and orangutan species, respectively. It occurs at a global frequency of B6% and is shared among all continents.
Population genetic structure at HLA-G 3 0 UTR
Using hierarchical F-statistics computed through an analysis of molecular variance, we examined the effect of population subdivision of individuals with respect to the total population. Dividing the total population into the four main continental groups and into 21 subpopulations yielded statistically significant F ST estimates of 1.9% and 3.6%, respectively, when considering the multilocus genotypes (Table 4 ). This is well below the typical values of B10-15% observed for most nuclear loci in the genome. 30, 31 Similarly, low levels of genetic differentiation among populations and among continents were observed for all individual variants across the 3 0 UTR, with most F ST values falling below 5%. These low values are consistent with the lack of geographical structuring of haplotypes previously observed in the haplotype analysis.
Detecting signatures of natural selection
To investigate to what extent present HLA-G 3 0 UTR variation patterns solely reflect stochastic events of human evolution, or are distorted by balancing selection, we used two complementary approaches based on the level of population genetic differentiation and on the allele frequency spectrum of segregating sites. We first determined whether the low levels of genetic differentiation observed at HLA-G 3 0 UTR variation sites can actually be considered as atypically low when compared with the genome-wide distribution of F ST scores. Empirical distributions representing the average genetic differentiation of human populations corrected for heterozygosity were constructed from the genome-wide variation data available from 1KG (see Materials and methods) and an outlier approach was adopted to identify those variants with atypical patterns of allele frequency differentiation. The F ST scores computed for each 3 0 UTR variation site at both the population and continental levels for the 14 populations of 1KG are shown in Table 5 , along with the empirical P-values estimated from the genome-wide, genic and 3 0 UTR distributions. Most genetic variants had very low F ST values, particularly the 14-bp indel that displayed F ST scores lower or very close to the 5th percentile of the genome-wide distributions (P ¼ 0.058 and P ¼ 0.009 at the population and continental level, respectively; Table 5 ). Very similar results were obtained when the genic and 3 0 UTR distributions were taken as references (Table 5 ). Such extremely low levels of population genetic differentiation indicate that this locus may be subject to balancing or species-wide directional selection.
Summary statistics representing several aspects of variation were calculated in each of the 21 population samples included in the worldwide diversity survey (Table 6) . Considering all data, the HLA-G 3 0 UTR region displays a considerable amount of genetic diversity, the mean value for p being 0.79 ± 0.07%, considerably higher than most variable nuclear human loci investigated thus far. For comparison, this value is B9-14 times higher than the average value estimated for 19 502 3 0 UTR regions dispersed throughout the human genome, considering the same four populations than those included in the present analysis (0.078% in Yoruba (YRI), 0.061% in Europeans (CEU) and 0.056% in Asians (CHB þ JPT)). 32 Furthermore, it is worth noting that this value is Table 3 . HLA-G 25.0% 25.5% UTR-5 Ins C T C C G T C G C G T G A C G 6.4% 
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1.3% ). The derived allele at each variation site is shown in bold. Haplotypes UTR-1 to UTR-7 were named as described elsewhere. HLA-G 3 0 UTR genetic diversity A Sabbagh et al consistently high in all populations studied, with no significant difference between the four continents (0.75% in Africa, 0.85% in Europe, 0.74% in Asia and 0.81% in America; Kruskal-Wallis test, P40.05). In contrast, human-chimpanzee divergence at the HLA-G 3 0 UTR locus (1.49% ± 0.10% on average) is within the range of values observed for the 19 502 3 0 UTRs of the human genome (mean value of 1.12% in CEU and 1.11% in YRI and JPT þ CHB), 32 pointing out an unusually high ratio of diversity to divergence suggestive of balancing selection.
Three formal tests of natural selection, based on Tajima's D and Fu and Li's D* and F* statistics, were then applied to the nucleotide sequence data of each of the 21 population samples to detect possible distortions in the allele frequency spectrum relative to neutral expectations. Positive values of the three statistics were observed in all analyzed populations, indicating a skew in the frequency spectrum toward an excess of intermediate frequency variants (Table 6 ). Statistical significance was first assessed from coalescent simulations (10 000 runs) of a standard, neutral equilibrium model. In all populations except four (Yansi, African-Americans, Iberians and Japanese), significant deviations from neutral expectations were observed for one or more statistics (Po0.05). In African Americans, Tajima's D statistic was close to the Figure 3 . Median-joining network of HLA-G 3 0 UTR haplotypes. Circle areas are proportional to the global haplotype frequency and branch lengths to the number of mutations separating haplotypes. Circles are color-coded according to relative frequencies in continental regions (blue, Africa; red: Europe; yellow, Asia; green, America). Labels of haplotypes are indicated next to the corresponding circles, and labels of mutations on the network branches. The full network including orthologous sequences from chimpanzee, gorilla and orangutan species is represented in the embedded box where the human haplotypes are arranged as in the main network and the red arrow indicates human UTR-5 haplotype.
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as the null model used to assess significance makes unrealistic assumptions about population demographic history (that is, a constant size, randomly mating population), it is difficult to unambiguously interpret these data as evidence for natural selection. Significantly positive values of these statistics can suggest either a recent population bottleneck, population subdivision or some form of balancing selection. 33 Therefore, to discriminate between the influences of population history and natural selection, we adopted an empirical approach analogous to that used for F ST , by considering sequence variation data at multiple unlinked loci in the 14 populations from 1KG. We sampled 100 independent noncoding autosomal regions dispersed throughout the genome that are expected to be mainly influenced by neutral demographic processes (see Materials and methods), and calculated the percentile rank of HLA-G 3 0 UTR values in the distributions of Tajima's D and Fu and Li's D* and F* statistics computed for this set of regions (Table 6 ). Values for HLA-G 3 0 UTR ranked above the 95th percentile for one or more statistics in 9 of the 14 populations analyzed (Tajima's D ranked 92th in a tenth one, namely African Americans), a finding consistent with the hypothesis of balancing selection. Interestingly, in two populations (Colombians and British), Tajima's D statistic was no longer significant when the empirical distributions were considered instead of the coalescent build neutral model.
DISCUSSION
The present study provides a comprehensive analysis of genetic variation at the 3 0 UTR segment of the HLA-G gene on a worldwide scale. Overall, the nucleotide sequence data of 1936 individuals representing 21 populations from four continental regions (Africa, Europe, Asia and America) were combined and jointly analyzed. Population genetics analyses performed on these data revealed a high level of polymorphism in this region, with as many as 16 segregating sites (including the 14-bp indel and 15 SNVs) identified in a region as small as 358 bp. A high intrapopulation genetic diversity was consistently observed in all the populations investigated. This contrasts with the general patterns of diversity usually observed for other loci of the genome, with a gradual loss of diversity with growing distance from Africa as a consequence of the successive colonization bottlenecks as our species grew and spread all over the world. 34, 35 The lack of relationship between genetic diversity and geography implies that patterns of human diversity at HLA-G 3 0 UTR are unlikely to be accounted for by the simple interaction of drift events and geographically structured gene flow, as expected under neutral evolution. A total of 44 haplotypes were reconstructed, of which 3 (UTR-1, UTR-2 and UTR-3) account for B70% of the global variation and are evenly 0 UTR SNVs, respectively, after applying a linkage disequilibriumbased pruning procedure. Empirical P-values were estimated from the proportion of F ST scores in the empirical distribution that are lower or equal to the observed value at the variant of interest within each MAF bin (see Materials and methods).
HLA-G 3
0 UTR genetic diversity A Sabbagh et al distributed across human populations. This translates into a low level of genetic differentiation among populations and among continents at both the nucleotide and haplotype levels. The most common haplotypes UTR-1 and UTR-2, each occurring at a global frequency of B25%, differ at five variation sites presenting the highest heterozygosities in humans (14-bp indel, þ 3010C/G, þ 3142G/C, þ 3187A/G and þ 3196C/G). UTR-1 is the most divergent from the ancestral haplotype and is likely to be the most recent one. Altogether, the documented features of molecular diversity at HLA-G 3 0 UTR suggest that patterns of human variation at this locus may not simply be the result of human population history. The elevated nucleotide diversity, excess of polymorphism to divergence levels, reduced population differentiation and presence of two divergent haplotypes maintained at high frequencies in all human populations rather support a history of balancing selection at this locus.
Robust inferences of natural selection at a particular genomic region are difficult because of the confounding effects of population demographic history. Demographic and selective events tend to leave very similar traces over sequences. For example, both balancing selection and reduction in population size lead to an excess of intermediate frequency alleles relative to what is expected under a standard neutral model. One way to circumvent this problem is to exploit the fact that demography affects the whole genome, whereas selection acts upon specific loci. Thus, comparing patterns of variation at the locus of interest with those observed at a large number of unlinked loci expected to represent the neutral genomic background can clarify the relative contributions of these two evolutionary forces, and alleviates the need to assume any precise demographic history for the population under study. [36] [37] [38] [39] We applied such an empirical approach to determine whether HLA-G 3 0 UTR has been shaped by natural selection. This gene region clearly appeared as an outlier of the empirical distributions of different test statistics (Wright's fixation index F ST , Tajima's D and Fu and Li's D* and F*), with an unusually low population differentiation pattern and an excess of intermediate frequency variants, both of which are hallmarks of balancing selection.
For neutrality tests based on the frequency spectrum, we were able to compare the results provided by the empirical approach with those relying on coalescent simulations under a standard neutral model. It is noteworthy that both approaches yielded very similar results in the three African populations (Yoruba, Luhya and African Americans), with close P-values, whereas significant changes were noted in non-African populations with the empirical approach ( Table 6 ). Such a contrast between African and nonAfrican populations may result from the influence of demographic factors specific to these populations. Whereas non-African populations have experienced one or several bottlenecks during the migration out of Africa, African populations are thought to have undergone moderate but uninterrupted population expansion. 35, [40] [41] [42] Data from whole-genome sequencing confirmed that individuals of European or East Asian origin carry much less lowfrequency variants (0.5-5% frequency) than those with substantial African ancestry, reflecting these ancestral bottlenecks. 28 Meanwhile, non-Africans also show an enrichment of rare variants (o0.5%), reflecting recent explosive increases in population size. 28 We thus expect globally increased Tajima P-values of neutrality tests based on 10 000 coalescent simulations of a standard neutral model. P-values of o0.10 are shaded in gray. f P-values of neutrality tests based on empirical distributions of the test statistics computed for 100 unlinked noncoding regions of the same size than the HLA-G 3 0 UTR region studied (358 bp). Empirical P-values were estimated only for the 14 populations of the 1000 Genomes project for which genome-wide sequence data were available. P-values of o0.10 are shaded in gray.
0 UTR genetic diversity A Sabbagh et al model of constant-population size. This may explain why we observe overall less significant results with Tajima's D and Fu and Li's F* and more significant ones with Fu and Li's D* when testing for balancing selection at HLA-G 3 0 UTR with the empirical approach in non-African populations. These findings reinforce the importance of adopting an empirical approach when testing for natural selection. Assessing statistical significance using coalescent simulations of a standard neutral model may lead to false positive values in non-Africans, at least for Tajima's D and Fu and Li's F*. This is of particular relevance as Tajima's D is the most widely used statistic for interpreting patterns of nucleotide sequence variation. When considering the results provided by the empirical approach, 9 out of 14 samples have at least one significant test statistic at the 0.05 threshold and this number increases to 10 when a threshold of 0.10 is considered. If these results strongly support the hypothesis of balancing selection, they are quite unexpected considering the very small size of the region surveyed (o400 bp) that provides little power to detect significant deviations from neutral expectations. Simulation studies have indeed shown that the number of mutations in the sample is the greatest factor affecting test power, more segregating sites conferring more power. 43 Many of the estimated P-values are very close to the significance threshold without reaching it (0.05pPo0.10; Table 6 ). This may simply reflect the limited power of neutrality tests in such a small region.
Altogether, our results suggest that two or more HLA-G 3 0 UTR haplotypes have been maintained at high frequencies in human populations through balancing selection. Considering that high expression levels of HLA-G can be advantageous in some circumstances (maintenance of the maternal-fetal immune tolerance during pregnancy and decreased risk of miscarriages and pregnancy-associated disorders) and detrimental to others (less efficient host immune response against invading pathogens and tumor cells), one can readily postulate that the maintenance of both high-expressing and low-expressing haplotypes may be beneficial for the individual. Tan et al.
14 already reported such evidence of balancing selection at the HLA-G locus by describing two divergent lineages of promoter haplotypes in human populations that might be associated with different promoter activities. Such balancing selection may come about through heterozygote advantage, spatially and temporally varying selection or both, allowing the individual to meet different immunologic needs depending on the cell type or development stage and to face different and changing environmental conditions such as exposure to pathogens. This selective scenario implies that the haplotypes targeted by selection are associated with different patterns of HLA-G expression. UTR-1 and UTR-2, which are the most likely candidates for balancing selection, differ at five variation sites, three of which have been associated with the regulation of HLA-G expression levels (14-bp indel, þ 3142G/C and þ 3187A/G). UTR-2 carries the 14-bp insertion, the þ 3142G allele and the þ 3187A allele, all of which have been associated with a decreased production of HLA-G, by either modifying microRNA affinity or the stability of the HLA-G mRNA. 8 In contrast, UTR-1 carries the opposite alleles and is rather considered as a 'high producer' haplotype. A recent study further confirmed that UTR-1 is associated with a higher production of soluble HLA-G. 44 The maintenance of UTR-1 and UTR-2 at high and similar frequencies in all human populations studied is likely to translate into an intermediate level of HLA-G expression in all human populations. This intermediate level may represent a fine balance between optimal levels of expression allowing for both fetal tolerance and an appropriate defense against pathogens. As the UTR-1 and UTR-2 haplotypes, and the individual polymorphisms defining them, have been associated with variable risks to develop various adult immune-mediated diseases and pregnancy-associated disorders, such as severe preeclampsia, 45 and as they occur at roughly similar frequencies among worldwide populations, all human populations would be equally prone to develop these clinical conditions. Note that the 14-bp indel was more specifically pointed out as a locus with an atypical pattern of geographic differentiation compared with the genome-wide distribution of F ST (Table 5 ) and might thus represent the direct target of balancing selection. The compelling evidence for the functionality of this polymorphism in alternative splicing and its potential role in post-transcriptional regulation support this hypothesis. 21, 22, [46] [47] [48] [49] This is further corroborated by recent evidence for balancing selection acting on this locus in several South Amerindian tribes. 50, 51 As high LD has been demonstrated across the whole HLA-G gene, 13 we cannot rule out the possibility that the evidence of balancing selection observed in our data is because of a hitchhiking effect caused by LD between 3 0 UTR polymorphisms and other regions of the gene. The extent of LD between 3 0 UTR and the coding region has been extensively evaluated in worldwide populations. 13, 15, 17, 52, 53 The UTR-1 and UTR-2 haplotypes have been found to be mostly associated with the coding alleles HLA-G*01:01:01:01 and HLA-G*01:01:02, respectively, that encode the same HLA-G protein. This makes unlikely a role of the coding region in the selection signal observed, especially as the variation patterns of the coding sequence have been shown to be more consistent with purifying selection. 29 LD was also detected among 3 0 UTR polymorphisms and the HLA-G 5 0 regulatory region in a Brazilian population, 13 but further studies on the LD patterns between these two regions in a wider range of populations are needed to answer this specific question. Finally, highly significant LD has been reported between HLA-G and some specific alleles of the HLA-A gene, located only 110 kb away from HLA-G.
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However, balancing selection at the HLA-A locus was shown to be unlikely to influence the patterns of diversity present at the HLA-G locus.
14 Moreover, a thorough examination of the patterns of LD across a 300-kb genomic region encompassing the HLA-F, HLA-G, HLA-H and HLA-A genes using the phased sequence data from the 1000 Genomes Project did not reveal any long-range association between the HLA-G 3 0 UTR-1 and UTR-2 haplotypes and HLA-A alleles, thus corroborating the findings of Tan et al. Figure 2) .
(Supplementary
This study also provides a detailed description of the magnitude and patterns of LD across the HLA-G 3 0 UTR segment in a large set of human populations, representing a useful resource for future genetic association studies. Significant differences in the patterns of LD were observed among geographical groups that might explain some of the contradictory observations of positive or negative associations between 3 0 UTR polymorphisms and specific phenotypes reported in the literature. For instance, the 14-bp indel was found to be in high LD with several other variants of the HLA-G 3 0 UTR in Europe (namely, þ 3010C/G, þ 3142G/C and þ 3196C/G), whereas much lower levels of LD were observed with these polymorphisms in other continental regions (Figure 1 and Supplementary Figure 1) . Similarly, the þ 3142G/C and þ 3187A/G variants were found in strong LD in East Asia (r 2 ¼ 0.89) but displayed only little allelic association elsewhere. Conversely, some other LD patterns were shared among all populations examined. This is the case for the þ 3010C/G and þ 3142G/C variants that were consistently found in nearly complete LD in all samples, and for the 14-bp indel and þ 3187A/G variants that were always found in weak LD (mean r 2 ¼ 0.21±0.09). In conclusion, this study provides an exhaustive characterization of the genetic variation and haplotype structure of the HLA-G 3 0 UTR region in worldwide human populations, building up a useful resource for future studies interested in epidemiological or anthropological research questions involving the HLA-G gene. In addition, we performed a number of neutrality tests, taking advantage of the whole genome sequence data generated by 1KG, to clarify the selective pressures that have acted on this regulatory region. We provided unequivocal evidence that balancing selection has shaped patterns of variation at this locus but further investigations are warranted to determine whether HLA-G 3 0 UTR is the genuine target of balancing selection.
MATERIALS AND METHODS
African population samples and Sanger sequencing The 3 0 UTR of HLA-G was PCR amplified in each individual using the primers HLAG8F: 5 0 -TGTGAAACAGCTGCCCTGTGT-3 0 and HLAG8R: 5 0 -GTCTT CCATTTATTTTGTCTCT-3 0 , using the same PCR conditions as described elsewhere. 17 The amplified products were visualized by electrophoresis on 7% polyacrylamide gel electrophoresis stained with silver, and directly sequenced in an ABI310 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) using the reverse primer HLAG8R to prevent sequence overlaps in heterozygous 14-bp samples. This fragment contains all the genetic variants known to be relevant for the post-transcriptional control of HLA-G expression. 8 All singletons were verified by PCR reamplification and resequencing the PCR products in both directions.
Data retrieval
The HLA-G 3 0 UTR sequence data of 1089 unrelated individuals generated by the 1000 Genomes Project was directly downloaded from the website (http://www.1000genomes.org), using the phase 1 integrated release version 3 released in April 2012. 28 The 1089 . For comparison purposes with the sequence data generated in the three African samples, we considered the 358-bp gene segment encompassing nucleotides þ 2924 to þ 3281, considering the Adenine of the first translated ATG codon as nucleotide þ 1 and the presence of the 14-bp fragment (chr6:29798545-29798889 in the human GRCh37/hg19 assembly). Wholegenome polymorphism low-coverage data from the same individuals (B36 million variants) were also downloaded to perform tests of natural selection, as described below.
Data available in the literature for this gene region were also retrieved and included in population genetic analyses. Previous sequencing surveys of HLA-G 3 0 UTR concerned 283 unrelated healthy individuals from two Brazilian populations, including 128 samples from Northeastern Brazil (Recife, State of Pernambuco) 18 and 155 samples from Southeastern Brazil (Ribeirão Preto, State of São Paulo), 17 as well as 60 individuals of Portuguese nationality and 60 natives of Guinea-Bissau. 16 
LD, tagging and haplotype analyses
The strength of LD between pairs of markers was measured as r 2 , 62 using the Haploview software v4.1, 63 and statistical significance of LD was assessed using Fisher's exact tests followed by Bonferroni correction. To test whether the amount of LD differs between human populations, the mean pairwise r 2 values computed for variants with a minor allele frequency (MAF) 40.05 were compared using Mann-Whitney or KruskalWallis tests. The Tagger program implemented in Haploview was used to select the subset of tag markers allowing to capture all common variations (with MAF 40.05) across the 3 0 UTR of HLA-G. We required the minimum estimated r 2 between the tagged and tag marker sets to be X0.80. Haplotype reconstruction was performed using the Bayesian method implemented in PHASE v.2.1.1, 64 using the default parameter values in the Markov chain Monte Carlo simulations. For each population sample, we applied the algorithm 10 times with different seeds for the random number generator, and checked for consistency of the results across the independent runs in order to verify that the algorithm did not converge to a local, rather than global, mode of the posterior distribution. We chose the results from the run displaying the best average goodness of fit of the estimated haplotypes to the underlying coalescent model. Haplotype networks describing the mutational relationships among the inferred haplotypes were generated by using the median joining algorithm of the Network 4.5.1.6 software (http://www.fluxus-engineering.com/). Analysis of molecular variance 65 and measure of haplotype diversity based on estimated haplotype frequencies were computed using Arlequin v.3.11 software. 66 Imputation of genotypes for the 14-bp insertion/deletion
As the HLA-G 3 0 UTR 14-bp indel polymorphism was not present in the 1KG database, the genotypes of this variant were imputed in each of the 14 populations of the project using the hidden Markov model implemented in MaCH v1.0 software. 67 The 3 0 UTR haplotypes inferred in the three African populations sampled in the present study (Sereer, Yansi and Tori) and those found in the four populations previously studied in the literature (Northeastern and Southeastern Brazilians, Portuguese and Guineans) were used as reference haplotypes in the genotype imputation procedure. Briefly, this method combines genotype data of studied samples with the reference haplotype data and then infers genotypes of the untyped marker based on probability. The most frequently sampled genotype is the final imputed one (most-likely genotype). The program was run with default settings, except for the number of iterations of the Markov chain sampler that was set to 200 to ensure convergence. The MaCH software produces two quality measures for individual genotypes that are considered to be good predictors of imputation accuracy. 67 The first one is the marker quality score that estimates the accuracy of each imputed genotype based on the proportion of iterations where the final imputed genotype was selected, averaged across all individuals in the sample. The second one is an estimate of the r 
Tests for selective neutrality
To determine whether natural selection has shaped patterns of genetic variation at the HLA-G 3 0 UTR locus, we used two complementary approaches based on the level of population genetic differentiation and the site frequency spectrum. First, we used the fixation index F ST 68 that quantifies the proportion of genetic variance explained by allele frequency differences among populations. F ST ranges from 0 (for genetically identical populations) to 1 (for completely differentiated populations). We calculated F ST values at each locus using the BioPerl module PopGen 69 at two different levels: (1) among populations and (2) among continental regions, that is, when the individual samples were grouped into major geographical regions (Africa, Europe, Asia, and America) according to their predominant component of ancestry. Extreme values of F ST can result from not only natural selection but also nonselective events such as demographic changes and genetic drift. As these latter events randomly act on the genome, they are expected to have the same average effect across the genome, in contrast to natural selection that affects population differentiation in a locus-specific manner. The genome-wide variation data of the 14 populations from 1KG can thus be used to infer the action of natural selection by adopting an outlier approach. 70 For that purpose, we built empirical distributions from three sets of autosomal SNVs located throughout the genome. The first set contains the whole set of SNVs detected in the genome of 1089 unrelated individuals included in 1KG HLA-G 3 0 UTR genetic diversity A Sabbagh et al (B36 million SNVs): a LD-based pruning procedure was applied to these genome-wide genotype data using Plink 71 with default parameters (pruning based on a variance inflation factor of two within each sliding window of 50 SNVs with a step of five SNVs), leaving a total of 26 680 716 independent autosomal SNVs, referenced hereafter as 'GW'. The second set of SNVs was built from the subset of variants annotated in dbSNP (build 137) as located in gene regions. We kept those remaining after a LD-based pruning procedure using the same parameters as described above, thus retrieving a 'Genic' set containing 198 804 independent genic SNVs. The third set was built from the SNVs annotated in dbSNP as belonging to a 3'UTR region: 11 286 949 SNVs remained after applying the LD-based pruning procedure, making up the '3 0 UTR' set. The F ST scores were computed for all SNVs included in the three sets, thus providing reference distributions to assess whether the pattern of genetic differentiation observed at a locus of interest is atypical. As we were interested in detecting signals of balancing selection, we focused on the lower tail of the F ST distributions. Therefore, the empirical P-value estimated corresponds to the proportion of F ST scores in the empirical distribution that are lower or equal to the observed value at the locus of interest. As F ST strongly correlates with heterozygosity, 31, 72, 73 empirical P-values were calculated within bins of SNVs grouped according to MAF. A total of 27 bins were considered for the whole MAF range: 10 bins of size 0.001 between 0 and 0.01; 9 bins of size 0.01 between 0.01 and 0.10; and 8 bins of size 0.05 between 0.10 and 0.50.
Second, we determined whether the frequency spectrum of mutations conformed to the expectations of the standard neutral model at the population level by computing summary diversity statistics and performing several neutrality tests, including Tajima's D and Fu and Li's D* and F*, 74, 75 with DnaSP v.5.10. 76 Tajima's method uses the difference between the average number of pairwise differences between nucleotide sequences (p) and the Watterson's estimator y w , 77 based on the number of segregating sites. Fu and Li's tests are based on the comparison between an estimator of y (y w for D* and p for F*) and the number of unique mutations (singletons) in external branches of the genealogy (Z e ). The statistical significance of the tests was first estimated from 10 000 coalescent simulations of an infinite site locus that condition on the sample size, with recombination (value of the recombination parameter estimated from the observed sequence data). As rejection of these tests may be caused by violation of any of the assumptions in the null hypotheses (neutrality, constant size and panmixia), it is difficult to disentangle the effects of natural selection and demographic history. Therefore, we opted for an empirical approach and selected a set of unlinked noncoding regions expected to be mostly neutrally evolving to compute a reference distribution for each summary diversity statistic, using the genome-wide data available for the 14 populations from 1KG. We selected 100 autosomal regions dispersed throughout the human genome that met the following criteria: (1) to be at least 100 kb away from any known or predicted genes or expressed sequence tag or region transcribed into mRNA; (2) to be outside any segmental duplication or region transcribed into a long noncoding RNA or conserved noncoding element (as defined in Woolfe et al. 78 ); (3) to be distant from each other by at least 100 kb and not in LD with each other; (4) to be of the same size than the HLA-G 3 0 UTR region studied (358 bp); and (5) to contain at least 8 SNVs. For each region, Tajima's D, Fu and Li's D* and F* scores were computed so as to obtain the null (selectively neutral) distribution of these test statistics in each individual population sample. To test for balancing selection, empirical P-values were estimated from the proportion of regions showing a test statistic greater or equal to the value observed at the HLA-G 3 0 UTR locus. We considered as significant any P-value o0.05.
